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•In batch mode: no effect of intensity on MZW; 
•In flow mode: higher intensities can be achieved; higher 
intensities result in lower MZW; 
•MZW of 8°C can be achieved at lower intensities in batch 
compared to flow mode. This is probably due to the pulsed 
exposure of the solution to ultrasound in flow compared to 
continuous exposure in batch. 
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•Draw general conclusions about the effect of ultrasonic frequency, 
intensity and flow rate on the MZW and particle size during the 
nucleation of paracetamol 
•Determine optimal frequency, intensity and flow rate for enhancement 
of nucleation 
Objectives 
The application of ultrasound on the crystallization of both organic and 
inorganic components has shown positive effects like a reduction of the 
induction time and metastable zone width (MZW), the formation of 
smaller particles and an increase of the reproducibility of the particle 
size distribution [1-3]. Different reactor designs and the lack of power 
calibration do not allow drawing  universal conclusions about the effect 
of the ultrasonic frequency and flow on the MZW and particle size. 
Introduction Materials & methods 
Results 
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•Optimal frequency exists around 41 kHz; 
•Sonoluminescence experiments showed that cavitation bubble 
type (stable) is not changed with the frequency. Except at 16 
kHz, where only degassing bubbles are present; 
•Degradation experiments showed that degradation of 
paracetamol is the highest at 850 kHz [4]. This is hypothesized 
to cause negative reduction in MZW. 
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•Significant reduction of particle size by sonication; 
•No significant difference in particle size among different 
frequencies. 
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An optimal frequency for the nucleation rate exists around 
41kHz.  It is hypothesized that the MZW is enhanced by more 
and larger cavitation bubbles. Lower frequencies result in larger 
but less cavitation bubbles; higher frequencies result in more but 
smaller bubbles. These observations are in agreement with 2 
theories of ultrasound nucleation reported in literature [5,6]. 
•High intensities lead to faster nucleation and smaller particles. 
This can be due to the higher amount of nuclei formed or by 
abrasion of the particles [7]; 
 
•Continuous ultrasonic exposure (batch mode) needs lower 
intensities than pulsed exposure (flow mode) for the same MZW. 
•No significant effect of flow rate on MZW and particle size in 
both silent and sonicated conditions. 
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Method: 
1. Calorimetric power calibration performed  
2. 150 mL of 20 g/L paracetamol solution in reactor 
3. Reactor heated to 40°C 
4. Solution cooled at cooling rate of 0.7°C/min 
5. Detection of nucleation and particle size by 
laserdiffractometer 
 
 
2 modes of operation: 
•Mode A: sonication in batch reactor 
•Mode B: sonication in flow cell 
Intensity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
•Significant reduction of particle size by sonication in batch & 
flow mode; 
•Decreasing trend of particle size with higher ultrasonic 
intensities. 
Flow 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
•Lower MZW when flow is induced compared to no circulation; 
•No significant effect of the flow rate on the MZW; 
•Lower MZW during sonication. 
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•Significant reduction in particle size by sonication; 
•No significant differences in particle size among different flow 
rates. 
0
10
20
30
40
50
60
70
80
90
0 500 1000 1500 2000
D
 [
4
;3
] 
(µ
m
)
Ical(W/L)
US in batch US in flow cell
0
10
20
30
40
50
60
70
80
90
0 200 400 600 800 1000 1200
D
[4
;3
] 
(µ
m
)
Flow rate (mL/min)
silent Pcal = 24W
